Abstract. Construction industry is constantly searching for sustainable innovations to mitigate negative environmental impacts. Ground granulated blast-furnace slag (GGBS) is a well-known supplementary cementitious material which contributes to reduction of energy and CO 2 emissions from cement industry. However, its use in cementitious systems leads to materials with high cracking susceptibility due to their greater autogenous shrinkage triggered by self-desiccation processes. This problem is even more pronounced when concrete is exposed to severe dry-hot weather conditions, such as in North Africa. In order to mitigate this negative effect of cracking, internal curing agents in the form of Superabsorbent polymers (SAP) can be successfully used. This approach leads to more durable cement based materials and in turn more sustainable constructions.
Introduction
Construction industry is constantly searching for sustainable innovations, which aim to reduce environmental impact and propose more durable solutions for buildings. It is widely accepted fact that Supplementary Cementitious Materials (SCM) reduce energy and CO 2 emissions from cement production, improve material's performance as well as reduce wastes from other industries [1] [2] [3] . Ground granulated blastfurnace slag (GGBS), a by-product of iron industry, is one of the most popular SCMs. Due to its latent hydraulic property, activated by alkalis/lime present in Portland cement (PC), it can effectively replace up to 95% of cement [4] [5] [6] [7] [8] .
One of the most common problems in concrete is its premature drying (self-desiccation), which in turn often results in micro-cracking and a subsequent deterioration. This problem is even more relevant to the concrete structures in regions with high temperatures/low humidity such as those in the North Africa [9] [10] [11] . Superabsorbent polymers (SAP) may eliminate or substantially reduce this effect by supplying setting and hardening concrete with additional water resources for internal curing [12] [13] [14] [15] [16] . Although significant efforts have been made during the last couple of decades there is still a lack of consensus on mechanisms ruling SAP actions in cementitious materials [17] [18] [19] .
This paper therefore aims to present the current state-of-the-art and to provide an overview of SAP as a new admixture, highlighting its effects in GGBS-PC matrices.
Superabsorbent polymers
Superabsorbent polymers (SAP) are hydrogels formed by macromolecular networks of hydrophilic polymer chains, with the ability to absorb aqueous fluids. SAPs are lightly crosslinked polyelectrolytes, generally based on ionic monomers, such as acrylamide and acrylic acid, which are partially neutralized with hydroxides of alkali metals (usually sodium). This lightly crosslinked three-dimensional structure displays a high capacity to swell by water absorption (Fig. 1) ; SAPs can absorb as much water as about 10-1000 g/g [12, 20] . Although SAPs are mainly used in personal disposable hygiene products they also have several other applications, such as in agriculture, pharmaceutics, separation technology, fibers/textiles, water-swelling rubbers, soft actuators/valves, electrical and construction CMSS-2017 [20] . In 2014, 3.12 million tons of SAP was produced worldwide, and its consumption is estimated to be expanded by 20% by 2018. Six enterprises are responsible for more than 80% of the global SAP production, concentrated mainly in the USA, Germany, China and Japan [21] .
Different SAP applications may lead to different sorption behaviour. The swelling capacity and strength of the polymer network depends not only on the crosslinking density and chemical structure of monomers, but also on the external stimuli surrounding SAP [22] . Highly crosslinked SAPs made of less hydrophilic monomers have lower absorption capacities. On the other hand, polymers with lower anion density may store the absorbed liquid for longer and, eventually, provide very moderate release of solution [20, 23] .
Such a property is desired especially when SAP is used as internal curing admixture in cement-based materials. SAPs absorb water from fresh mix and release it over time during cement hydration processes, resulting in enhancement of some concrete properties. In this context, both sorption capacity and the kinetics of absorption are highly influenced by pH and ionic concentration of a pore solution. The complex interaction of di-and trivalent ions (e.g. Ca 2+ and Al
3+
) from cement with carboxylate groups results in an additional crosslink and hence reduces SAP absorption capacity [12, 23] . Thus, raw materials, in particular type of cement, play an essential role in determining SAP efficiency in concrete and mortars. The use of SCM, in turn, may change the behaviour of absorption and desorption capacity. Fig. 2 illustrates the difference of water absorption capacity over time (up to 24h) in Portland cement (PC) and GGBS filtrates, by means of tea-bag method [23, 24] . Although SAP achieved the max absorption capacity in the first minutes for both solutions (around 40 g/g), GGBS systems seems to lead to a faster water release. In an attempt to show the effect of SAPs on PC-GGBS systems, two types of polymers with different water absorption capacities has been considered and presented in this paper. SAP A and SAP B (with water absorption capacities of 10 g/g and 25-30 g/g in cement paste solution, respectively) have been used in the proportion of 0.25% of binder mass. Four levels of PC (CEM I 52.5N [8] ) replacement by GGBS has been considered: 0%, 25%, 50% and 75%. SAP effects on GGBS-PC matrices were assessed by analysing mortars with binder:sand ratio 1:2 and water/binder ratio 0.5. Samples were named by type of SAP (A, B, Ref -no SAP) and GGBS content (0, 25, 50, 75).
Workability and setting times
Fresh state properties can be significantly altered by SAP addition, since it absorbs water almost instantly from fresh mix. Thus, sorption characteristics of SAPs are crucial in the determination of early age properties of cementitious matrices. As mentioned previously, many factors can affect SAP absorption capacity and the kinetics of absorption/desorption processes. These include type of polymer (chemical composition and molecular structure), SAP characteristics (shape and size of particles) and type of medium (ions concentration and type of cementitious matrix -e.g. paste, mortar or concrete).
For example, regarding SAP particle sizes, for the same amount of internal curing water, finer particles provide higher values of yield stress and plastic viscosity (drier mixes). This is because of greater total absorption surface of these particles and, consequently, more rapid achievement of equilibrium. On the other hand, larger SAP particles lead to slower water absorption, resulting in less consistent mixes during the first minutes [25] .
Moreover, the type of raw materials used in the mix composition can affect rheological properties. The use of finer materials in concrete, such as silica fume, leads to a "competition" between SAP absorption and adsorption of water on finer particles. Thus, it becomes more difficult for SAP to uptake water resulting in reduced workability [25] .
Overall, SAP reduces workability of concrete and mortars for the same w/b ratio. This reduction is evidenced by the experimental results of flow table test [26] showed in Fig. 3 . Mortars modified by SAPs exhibited lower values than the reference samples (below 140mm), for all GGBS contents. Also, due to the fineness of GGBS, a slight reduction in flow values was noticed for higher PC replacement levels. Nonetheless, this drawback in reduced workability by SAPs can be minimized or even eliminated by using additional water and/or superplasticizer [13, 25, 27] .
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However, any of these additional efforts, as any other chemical admixture, should be carefully evaluated beforehand. For instance, increasing w/b ratio may improve workability but also result in higher water absorption by SAP, and consequently, in higher relative changes of rheological parameters [25] . Also, the use of superplasticizer can alter ionic concentration of the medium and hence change SAP sorption behaviour.
Regarding setting time, there is still no consensus whether SAPs increase or decrease this property. Significant scatter in experimental results can be due to variations of raw materials, type and particle size of SAPs, accuracy of test methods [28] and to the fact that SAPs can leach out some monomers into the fresh mix [13, 25, 29] . While SAP A reduced setting time, SAP B had an opposite effect. This difference is even more considerable for an increased GGBS content in the mix (above 50%).
Cracking susceptibility
The main and most well accepted application of SAP in cementitious materials is for the reduction of cracking susceptibility triggered by self-desiccation process. SAP capacity to store and supply water over time can significantly mitigate the effects of volume changes in concrete due to shrinkage, in particular those related to autogenous deformations. Fig. 5 shows that all SAP samples displayed reduced autogenous shrinkage compared to the reference samples. Results cover the period between final setting time and 7 days [30] .
Autogenous shrinkage is a result of cement hydration process during hardening of concrete. The use of SAP as an internal curing agent leads to changes in thermodynamics and kinetics of cement reaction due to additional quantity and availability of water. This effect can also contribute to reduction of other types of deformations, such as those provoked by plastic and drying shrinkage [12] . Kinetics of absorption and desorption of SAPs plays a major role in mitigation of autogenous shrinkage. The slower water release, the better internal curing. Usually, high anionicity SAPs show an intense release of absorbed pore solution during the first few hours. While it is efficient in reducing autogenous shrinkage at early age, this positive effect disappears when the rest of internal curing water is consumed. Thus, the increase in autogenous shrinkage starts to take place with the same pace as in SAP-free concrete. However, SAPs with low anion concentration, which do not exhibit any, or just a very moderate release of pore solution, can be used to 
CMSS-2017
reduce autogenous shrinkage for longer periods of time [13, 23] .
SAPs can also have slower water intake extending even after setting time (from bleeding water). In this case, an expansion can be observed, which counteracts an expected shrinkage in cementitious matrices (e.g. SAP A for low GGBS levels in Fig. 5 ). This expansion is also a function of the cement chemistry and the admixture dosage; SAP increases the portlandite oversaturation level in solution, which can result in higher crystallization stresses, and hence lead to a material expansion [18, 31] .
Concrete composition and type of raw materials also contributes to the SAP behaviour in reducing shrinkage. High performance concrete (lower w/b ratio), for example, is very prone to early age cracking induced by self-desiccation and autogenous deformation [13, 15] . High content of GGBS also leads to increased chemical shrinkage due to its filler effect and greater hydration degree [1, 4, 5] . Thus, SAPs showed themselves as a great shrinkage reducer in GGBS-PC matrices (Fig. 5) .
Thus, cracking susceptibility by shrinkage deformation is very dependent to the amount of water available for hydration and curing of GGBS cementitious systems. In this context, creating mechanisms that contribute to controlling of water supply is essential for the material durability, especially in hot and dry climates due to high surface evaporation rate. It has been well documented that in this type of environment, conventional concrete and mortars exhibit high level of shrinkage and cracking [9] [10] [11] .
Therefore, the higher shrinkage triggered by GGBS, especially in critical wheatear conditions, the greater the need for SAPs. It helps to keep durability and sustainability in acceptable levels for cementitious matrices, particularly in avoiding crack formation.
Mechanical properties
The use of SAP with additional water generally can lead to losses in strength. However, it can be partly recovered with time due to ongoing hydration facilitated by the internal curing mechanisms [17, 23] . SAP promotes creation of a dense network of CSH in a collapsed state, and hence leading to pore closures and increased compressive strength [16, 19, 32] .
This recovery depends on SAP efficiency in water supply during cement hydration. Premature release of water (before setting) leads to a decrease in compressive strength. This is attributed to some increase in effective w/b (due to additional water for internal curing) and subsequently higher porosity of concrete. In contrast, for mixes with SAP that do not exhibit an early water release, no significant decrease in strength is observed due to its capacity to release water in later stages [13, 23] .
However, other factors can contribute to strength level, such as, shape and size of SAP particles. Spherical SAPs and smaller particles lead to higher compressive strengths in comparison to mixes with irregular and larger particles. This is because higher stress concentration in combination with larger voids left by collapsed SAP has a strong impact on mechanical properties in the hardened state [13] .
In case of GGBS-PC matrices, it is expected that the hydration processes last longer due to slower reaction of slag compared to Portland cement. This delay in GGBS hydration is related to its chemical composition, fineness, glass content, temperature, and to the fact that GGBS has to be activated by alkalis/lime to start to form CSH [2, 6] . In this case, the presence of SAP plays an important role in providing water for longer period.
However, the type of cement can also have an effect on the SAP performance (see Fig. 2 ). This effect on compressive strength can be observed in Fig. 6 [33] . For low GGBS contents, the effect of SAP on compressive strength is very limited. However, for higher GGBS contents, the effect of SAP type is more pronounced. SAP B, with higher absorption capacity, is able to store and provide more water for hydration for any PC-GGBS system. Thus, it can lead to higher densification of cementitious matrix resulting in a slight increment in compressive strength up to 28 days. On the other hand, SAP A, with lower WAC, has significantly decreased compressive strength for high GGBS contents. This can be related to the instability of the polymer that is not able to retain water for longer (after one week), leaving behind pores that negatively affect compressive strength. This effect on pore formation is discussed in the following paragraph. When SAP absorbs water from fresh mix, it turns to a gel and swells in the mixture. This gel is therefore responsible for storage and release of water for internal curing in cementitious matrix. In other words, this water desorption happens (or should happen) simultaneously with the hardening process leading to a substantial modification of the skeleton formed by hydrated products. Such alterations can be related to the voids created by collapsed SAPs, when gel polymer releases absorbed water and, in consequence, leave behind pores in the hardened microstructure. Although these pores can be filled with later hydration products (especially for GGBS-PC), microstructure alterations are directly dependent on SAP absorption, storage capacity and desorption rate in each cementitious reacting system. Fig.  7 schematically represents the modification of cementitious systems by SAP. When capillary pores (10nm-10µm) are analysed, it is expected that SAPs increase total porosity due to macro-pore formation, especially when additional water is considered [34] . In the case of smaller pores, additional amounts of water do not significantly affect micropore range (< 2 nm) and slightly increase mesopore range (2-50 nm) [35] .
Reduction of smaller capillaries is observed in matrices modified by SAPs without extra water. This is due to the filling of existing pores with hydration products and the reduction of initial micro cracks caused by now mitigated autogenous shrinkage. Thus, the microstructure around SAPs is denser due to internal curing and unconnected macropores [32, 35, 36] .
GGBS can also have an impact on the microstructure of cement based matrices. Its ability to slow down cementitious reactions and induce a filler effect leads to a denser CH-laden interfacial zone and formation of finer capillaries, in particular, those in the mesopore range [1, 2, 6, 36] . Fig. 8 shows an example of how different types of polymers can influence porosity of GGBS-PC matrices. SAP A is able to create more pores, since it was not completely filled with hydrated products in the collapsed state. This polymer has presented the highest peaks for all samples. However, for higher GGBS contents (from 50% onwards), both SAPs have created larger capillary pores (above 1µm) when compared to the reference sample; SAP A formed the largest pore sizes (curves shifted to the left) indicating the weakness of this polymer in sustaining slower and later GGBS hydration. In turn, SAP B (with higher water absorption capacity) showed more efficiency in decreasing the amount of larger pores for higher GGBS contents. 
Superabsorbent polymer (SAP) is a promising new admixture particularly in cementitious materials with reduced carbon footprint (GGBS-PC). Its efficiency in providing water for internal curing results in reduced autogenous shrinkage and, consequently, lower susceptibility for cracking. However, its application in GGBS-PC matrices has to be carefully evaluated, since the effects of different types of SAPs depend on different GGBS concentrations. Overall, SAPs reduce workability and may increase total porosity of concrete in hardened state. Its ability in re-filling the pores (left by collapsed SAPs) and maintaining similar mechanical properties depends on its capacity to store and release water for longer, especially when GGBS is considered (slower reaction rate). SAPs can reduce smaller capillaries with further hydration products, creating a denser and poorly interconnected microstructure. This, in turn, may lead to more durable cement based materials and more sustainable constructions.
